ABSTRACT
localize to the septum and are functionally redundant under normal laboratory conditions; 23 however, only RlpA can support normal cell separation in low salt media. The division-24 specific activity of lytic transglycosylases has implications for the local structure of septal 25 PG, suggesting that there may be glycan bridges between daughter cells that cannot be 26 resolved by amidases. We propose that lytic transglycosylases at the septum serve as a 27 back-up mechanism to cleave rare, stochastically produced PG strands that are 28 crosslinked beyond the reach of the highly spatio-temporally limited activity of the 29
INTRODUCTION 4
The cell wall is a crucial structural feature for the vast majority of bacteria and is 5 mainly composed of a rigid, yet elastic, covalently-bound network of peptidoglycan (PG) 6 strands. PG has an oligomeric glycan backbone that is assembled by The cell wall must therefore be a dynamic structure, and indeed undergoes constant 17 remodeling and recycling by PG degradation enzymes collectively known as "autolysins" 18 (T. K. Lee & Huang, 2013) . 19
Autolysins are numerous and diverse, in part owing to the complexity of the 20 substrate on which they act. Almost all different types of covalent bonds that are found 21 within PG can be cleaved by autolysins, and many of these enzymes are functionally 
2002). 15
One process where PG remodeling is particularly important is cell division. Our 16 current understanding of bacterial cell division includes a step in which lateral PG must 17 be remodeled to allow for insertion of a septal wall between daughter cells, followed by 18 cleavage of that septal wall to facilitate daughter cell separation (Potluri et the ∆2 LTG chaining phenotype, the rlpA::stop and ΔmltC single mutants exhibited no 1 morphological differences from the WT in either LB or minimal medium (Fig. S2B) . 2 Therefore, MltC and RlpA collectively fulfill a crucial role in daughter cell separation. 3
Despite visible chaining, the Δ2 LTG mutant grew as well as the WT in batch culture ( Fig.  4   S2C) ; however, we did observe a strong motility defect that appeared to be largely due 5
to RlpA inactivation (Fig. S2D) . 6
It has been previously reported that a mutant Pseudomonas aeruginosa lacking 7
RlpA forms unseparated chains of cells when grown in media with low osmolarity 8 (Jorgenson et al., 2014). Similarly, the V. cholerae rlpA::stop single mutant, but not the 9
ΔmltC single mutant, formed chains of cells when grown in low-salt LB medium and 10 exhibited a 1000-fold plating defect on low-salt LB plates (Fig. 2BC) . Interestingly, none 11 of these phenotypes were replicated in Escherichia coli. An E. coli ∆rlpA mutant exhibits 12 no obvious morphological defects in LB or low-salt medium (Jorgenson et al., 2014), 13 though this is unsurprising as E. coli RlpA, despite being well-conserved, is predicted to 14 be non-functional as a LTG (Jorgenson, 2014) . Informed by our V. cholerae ∆2 LTG 15 mutant and the S. enterica ∆mltC ∆mltE mutant phenotypes (Wall et al., 2011) , we made 16 additional, simultaneous mutations in E. coli mltC and mltE, but still observed only a very 17 mild morphological defect (Fig S3) . Thus, there are species-specific differences in the 18 utilization of these autolysin homologs. 19
20

Δ2 LTG mutations result in outer membrane permeability perturbations 21
Given that daughter cell separation-defective chains are sensitive to osmotic 22 stress, we also hypothesized that the outer membrane (OM) may be compromised in the 23 ∆2 LTG mutant, as the OM is an important structural and load-bearing component of 1 Gram-negative bacteria (Rojas et al., 2018) . Lysozyme typically cannot permeate the 2 OM in sufficient quantities to cause damage to the Gram-negative cell wall. Consistent 3 with this, WT V. cholerae tolerated exposure to 5 mg mL -1 lysozyme without exhibiting 4 signs of morphological defects (Fig. 2D) . In contrast, a significant portion of ∆2 LTG 5 mutant cells exhibited a loss of rod shape after just a brief exposure to the same 6 concentration of lysozyme (Fig. 2D) . This suggests that delayed cell separation may 7 present a barrier to proper OM invagination and results in OM permeabilization. and ΔamiB mutants were devoid of any cell chains, suggesting that chaining was a growth 16 phase-specific phenotype. Single cells of stationary phase Δ2 LTG and ΔamiB were not 17 spontaneous suppressor mutants arising at a high frequency, as redilution into 18 exponential phase always resulted in renewed chain formation and subsequent resolution 19 in stationary phase (Fig. S4) . To more precisely define the growth stage that promotes 20 cell chain resolution in these mutants, we imaged the mutant strains versus WT over their 21 growth cycle and quantified the cells per chain at each time point (Fig. 3A) . Both Δ2 LTG 22
and ΔamiB exhibited peak chain lengths in mid-to late exponential phase (OD600 ~0.8, 23 median chain length of 8 cells for Δ2 LTG and 24 cells for ∆amiB), followed by a gradual 1 decline in chain length as the cells entered stationary phase. 2
The recurring shift between an enrichment of chains in exponential phase and 3 single cells in stationary phase could be explained by stationary phase-specific events, 4 e.g., growth-phase specific lysis cycles or the induction of stationary phase-specific PG 5 remodeling pathways. Alternatively, cell separation could be due to a stochastic process, 6
i.e., reduced septal cleavage activity is initially outpaced by septal PG synthesis during 7 rapid growth, but becomes sufficient for daughter cell separation as division rates slow in 8 stationary phase. Growth phase-dependent chaining has been previously reported for E. 9 coli amidase mutants and it was postulated that single cells were likely generated by lysis 10 of cells within a chain (Heidrich et al., 2001 ). We tested this hypothesis in V. cholerae by 11 plating autolysin mutants on CPRG. The Δ2 LTG mutant failed to indicate significant 12 CPRG degradation (Fig. 3A) , suggesting that lytic elimination of long chains, either by 13 mechanical sheering or cell death, is an unlikely explanation for stationary phase cell 14 separation. The absence of excessive cell debris in microscope images corroborated this 15 observation, as did the WT-equivalent growth rate of this mutant (Fig. S2C) . In contrast, 16 the ∆amiB mutant did exhibit a slight color change on CPRG, indicative of higher 17 background lysis, which is consistent with previous observations in E. coli amidase and Δ2 LTG, suggesting that at least some of the chain resolution of the ∆amiB mutant 21 may depend on lysis (Fig. 3A, Fig. S2C) . Thus, while cell lysis may somewhat contribute 22 to apparent chain "resolution" in the amidase mutant, it is unlikely to facilitate the same in 1 the ∆2 LTG mutant. 2
3
Δ2 LTG chain resolution is stochastic 4
We conducted several experiments to help distinguish between chain resolution 5 by stationary phase-induced PG remodeling and stochastic activity of other hydrolases. 6
First, we performed a chemostat-like experiment where Δ2 LTG cells were kept in 7 prolonged exponential phase through periodic back-dilution to maintain an OD600 < 0.6. 8
In a simple scenario, if chain resolution were mediated by a stationary phase-exclusive 9 factor, chains would be expected to elongate ad infinitum when kept in perpetual 10 exponential phase and single cells would no longer be present in the population. 11
However, if other autolysins could stochastically resolve shared septal PG, albeit with a 12 lower efficiency, we would expect an increase in the variation of chain lengths rather than 13 infinite chains. What we observed was more indicative of stochastic resolution. There 14 was some increase in maximum chain length (Fig. 3B) , but chains must also have 15 achieved some degree of resolution, as short chains and single cells were still present 16 even after five back-dilutions. These results tentatively suggest that an equilibrium 17 between division and subsequent separation can be achieved in a Δ2 LTG mutant without 18 entering stationary phase. 19
To test this further, we also surveyed other possible stationary phase-specific 20 factors that could affect cell separation. Culturing Δ2 LTG in the filter-sterilized 21 supernatant of a saturated WT culture failed to prevent chaining ( or indirectly contributed to AmiB recruitment and that the ∆2 LTG chaining defect might 5 thus be due to lack of AmiB localization. A functional AmiB-mCherry fusion localized to 6 septal rings in ∆2 LTG chains, suggesting that this cell separation defect occurs despite 7
proper AmiB localization (Fig. S6AB) . 8 We then investigated the possibly redundant autolytic roles of AmiB, RlpA, and 9
MltC by generating a Δ2 LTG ΔamiB triple mutant and quantifying growth phase-10 dependent chaining. While this strain was viable, it grew much more slowly than the Δ2 11 LTG or ΔamiB mutants ( Fig. S2C) and perhaps more strikingly, chain resolution was 12 incomplete even after 24 hours and gave visual evidence of strong lysis under the 13 microscope as well as on CPRG plates (Fig. 3D, Fig. S4 ). This increased lysis and failure 14 to completely resolve chains suggest that the amidase and septal LTGs are the principle 15 daughter cell separation systems. 16 We were interested to learn whether the additive, deleterious effects of the ∆2 LTG 17
and ∆amiB mutations were due to the unique potential functions of LTGs versus amidases Interestingly, we found that heterologous expression of the E. coli LTG MltE was 7 highly effective at facilitating septal resolution in the ∆2 LTG mutant (Fig. 4A) . MltE has 8 a relatively broad spectrum of PG substrate specificity, shown in vitro to generate suggesting that it primarily digests septal PG in the V. cholerae ∆2 LTG mutant (Fig. S7) . Incidentally, this also suggests that septal PG in ∆2 LTG is largely uncrosslinked; which 17 would be consistent with completed or concurrent amidase or endopeptidase activity. 18
MltE was also able to rescue ∆2 LTG growth in low-salt media (Fig. 4B) . In combination, 19 these observations suggest that some characteristic of the division septum requires the 20 activity of LTGs over other autolysins to allow for septal resolution and daughter cell 21
separation. 22
RlpA and MltC are late division proteins 23
Division proteins are often recruited specifically to midcell. We generated stable, 1 functional (Fig. S8AB) translational fusions of MltC and RlpA to mCherry to track 2 localization throughout growth and division. Both RlpA-mCherry and MltC-mCherry 3 clearly localized to the midcell and co-expression of FtsZ-YFP or YFP-FtsN further 4 revealed that both LTGs arrive closer to or after FtsN recruitment to the septum, indicating 5 that RlpA and MltC are likely late division proteins (Fig. 5) . RlpA midcell localization is 6 consistent with the published roles of its highly conserved homologues in E. coli and P. (Fig. S9B) . Thus, outer membrane attachment is not essential to the function of 21
RlpA and MltC in LB. However, the functionality of DsbA ss -RlpA was not absolute 22 under all conditions; expression of this construct in a Δ2 LTG background during growth 23 in low salt LB resulted in the formation of severe morphological aberrations, including 1 short filaments and bulging at the midcell (Fig. 6B) salt LB, nor did over-expression of RlpA-mCherry retaining its native signal sequence 4 affect the morphology of the ∆2 LTG mutant in low salt LB (Fig. S9CD) . Despite the 5 apparent division defect induced by soluble DsbA ss -RlpA expression, the mis-6 localized protein could still restore growth of the Δ2 LTG mutant on low salt LB (Fig. 6C) . 7
The phenotype induced by the DsbA ss -RlpA mutant in low-salt medium was more 8 similar to filamentous division mutants than to other chaining autolysin mutants. Though 9 we did not explore this further, we suspect that RlpA may have conserved roles in division 10 other than septal resolution, roles that may explain why E. coli retains an LTG-deficient 11 homologue of RlpA. With the addition of RlpA and MltC to the division complex, we can add more detail 10 to the molecular landscape of the septal cell wall. We observed that the chaining defect 11 of the ΔamiB mutant was slightly more severe than the Δ2 LTG mutant, suggesting that 12 the majority of PG shared between daughter cells at the septum is connected by peptide 13 crosslinks that can be removed by amidase activity. However, the chaining phenotype of 14 the Δ2 LTG mutant implies that there is shared septal PG that cannot be resolved by findings lead us to speculate that the cell division machinery stochastically generates PG 19 strands that are deposited and/or elongated at a non-ideal angle such that they transect 20 the septal plane to create a bridge between daughter cells (Fig. 7) . Since amidase activity also perform a similar function to RlpA, as some endolytic activity has been attributed E. 6 coli MltC (Artola-Recolons et al., 2014). One might also envision that long PG strands 7 between daughter cells, even those that are no longer covalently linked to the PG 8 network, might still present an obstacle to outer-membrane invagination. MltC, which in 9 E. coli has been shown to also be processive and exolytic, but inactive on crosslinked PG 10 strands, could be responsible for clearing such debris from the path of outer-membrane 11
invagination (Artola-Recolons et al., 2014). 12
We suggest that a function to remove aberrant septal PG strands would be 13 Ceccarelli, 2014) and that complementation of either the ∆2 LTG or ∆amiB chaining 3 defects occurred readily without induction, which suggests that very little autolytic activity 4 is actually required for separation and/or that obstruction of OM invagination by PG is 5
rare. 6
The exponential phase-dependent manner of the ∆amiB and Δ2 LTG chaining 7 phenotype suggests that AmiB and RlpA/MltC functions are redundant with at least one 8 other autolysin whose activity alone is insufficient to sustain daughter cell separation at 9 the fast rate imposed by exponential growth. We hypothesize that RlpA/MltC and AmiB 10 maintain separate functions and that chain resolution in stationary phase is a reflection of 11 each system requiring a distinct autolytic substitute (or group of autolysins) to mediate time points, overnight cultures were diluted 1:100 into 5 mL of medium in culture tubes. 22
Construction of Plasmids and Strains 1
All strains are derivatives of V. cholerae El Tor N16961 or E. coli MG1655. Strains, 2 plasmids, and primers are summarized in Table S1- analysis, and interpretation of data, and writing of the manuscript. VJR, ST, and BR have 10 made major contributions to the collection and analysis of data. KW has made major 11
contributions to the analysis of data. were imaged on an agarose pad and C) spot-plated onto LB+/-0.2% ara, followed by 19 incubation at 30°C for 24hrs. Grid lines = 1cm. D) Lysis was visualized by culturing strains 20 overnight in LB + ara at 37°C, spotting 10µL directly onto an LB+20 µg mL -1 CPRG plate, 21
and incubating 18hrs at 30°C. Scale bars = 5µm. All experiments are representatives of 22 at least two biological replicates. culture was back-diluted every 2 hrs into pre-warmed LB at 37°C to maintain exponential 17 phase and imaged on agarose pads. Analysis was conducted as described for Fig. 3A D) 
18
∆2 LTG ∆rpoS was grown in LB at 37°C and imaged on agar pads. Analysis was 19 conducted as described for Fig. 3A E) Chloramphenicol (10 µg/mL, ~10 x MIC) was added 20 to cultures after growth to OD600~0.45 in LB at 37°C and imaged on agarose pads after 1 21
hr. Analysis was conducted as described for Fig. 3A . D) ∆2 LTG ∆amiB was grown in LB 22 at 37°C and imaged on agarose pads. Analysis of chain length and CPRG lysis assays 23 were performed as described for Fig. 3A . All data are representative of at least two 1 biological replicates. coli was induced with 1 mM IPTG in a ∆2 LTG background, grown in LB at 37°C to ~OD600 6 0.6, and imaged on agarose pads. Analysis was conducted as described for Fig. 3A  7 B) An overnight culture of ∆2 LTG Ptac: mltEE. coli grown in LB was diluted in LB and spot-8 plated on low salt LB +/-1mM IPTG and incubated for 18hrs at 30°C. Grid lines = 1cm. 9
All data are representative of at least two biological replicates. or dsbA ss -mltC was induced 21 with 1 mM IPTG in a ∆2 LTG background, grown in LB at 37°C to ~OD600 0.6, and imaged 22 on agarose pads. Analysis was conducted as described for Fig. 3A B 
